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Nerve impulses continue to be emitted from ganglia in the abdomen 
of a crayfish even after all nerves connected with these ganglia are cut 
(Prosser, 1934).  A method has been described (Prosser, 1934) for the 
analysis of these "spontaneous" discharges into rhythmically recurring 
impulses  in  individual  axons.  Concentric  electrodes  (Adrian  and 
Bronk,  1929)  were  used  in  these  experiments;  these  have  certain 
advantages over ordinary leads.  In the first place,  they distort the 
shapes  of the  impulses  and  thus  make  identification  of impulses  in 
terms of wave form easier, and secondly, it is possible to obtain records 
when  the  concentric  needle  electrodes are  inserted  through  the  epi- 
dermis  under  the  nerve  cord  and  the  circulation  is  left  essentially 
unimpaired.  It is also possible to obtain records from the nerve cord 
when  the  animal  is  immersed  in  Ringer's  fluid  with  the  epidermis 
intact  except for the small opening made by the needle.  This pro- 
cedure  was used in the  following experiments.  Records were made 
with the aid of an amplifier and a Matthew's oscillograph. 
Before immersion of the specimen, the cord was cut anterior to one abdominal 
ganglion, and just behind the adjacent posterior ganglion and the electrodes were 
inserted beneath  the nerve cord between the ganglia without  disturbing the epi- 
dermis over them.  In some of the experiments  the segmental nerves from each 
* Two previous papers in this series have appeared in J. Cell. and Comp. Phy- 
siol., 1934, 4, 185, 363, and one in Y. Comp. Neurol., in press. 
~f This investigation was made possible by a grant from the Rockefeller Founda- 
tion to Professor Hudson Hoagland, Clark University, for research in physiology. 
65 
The Journal of General Physiology66  m~Rw  IMPULSES  IN  CRAYFISH.  IV 
ganglion  were cut, but this was found to have no influence on the results and 
tended to make the preparation less viable.  Exclusion  of afferent impulses  was 
shown by the absence of responses when distant appendages  were  stimulated or 
when the fluid covering the animal was moved.  Records were made only when 
the preparation was quiet.  The fluid covering the preparation could be siphoned 
out and changed without moving either the animal or the electrodes. 
When the Ringer's fluid bathing the preparation was changed for one of another 
temperature, an immediate alteration in the number of impulses in the commissure 
between  the  two  deafferented ganglia  was  observed.  A  constant  equilibrium 
frequency characteristic of the new  temperature was usually attained in from ap- 
proximately 30 to 60 seconds;  the thinness  of the epidermis doubtless  hastening 
equilibration.  3 to 5 minutes were allowed to elapse  before photographing the 
nerve impulse discharge.  The experiments were started in the middle of the range 
of temperatures to be explored and, after exposure to several lower and higher 
temperatures, the preparation was returned to the initial temperature.  No irre- 
versible failure of the impulse discharge was usually noted during the time of the 
experiment  (approximately  1  hour).  The  few  cases  that  showed  irreversible 
changes during the experiment were discarded. 
The photographic records were analyzed and impulses of the same time rela- 
tions grouped together exactly as described in the first paper of this series (Prosser, 
1934).  When the electrodes were not moved during an experiment, it was possible 
to follow a given type of impulse at each of several temperatures.  The forms of 
the impulses are characteristic of the single fibers producing them (Prosser,  1934). 
Analysis of records of the spontaneous discharge showed that as the 
temperature increases the gross frequency of discharge, i.e. the total 
number of  impulses on the average for 0.1 second, increases considerably 
(Fig.  1).  The  records  clearly show  that  two  factors  contribute  to 
this;  (1) the increase in number of active fibers and (2) the increase in 
frequency o! the impulses from the individual fibers.  With a  rise in 
temperature  the  number  of  active  elements  increases  more  rapidly 
than does the frequency of discharge of the individual fibers.  In the 
lower temperature range this increase in number of elements is particu- 
larly large, but above 15  ° (Fig. 1) the curve for number of active units 
falls  below  that  for  the  increase  in  gross  frequency.  It  might  be 
objected that  as  the  total number of impulses  becomes greater,  the 
analysis is less accurate, and that this may account for the difference 
in  the  two  curves,  but  very dependable  analyses  of  eleven  records 
using a high-speed camera have shown the same relations, and further, 
as the temperature rises, there seems to be a  tendency for small fibers 
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As was  shown  previously  (Prosser,  1934),  a  single  fiber  in  these 
spontaneously  discharging  centers  shows  considerable  moment  to 
moment fluctuation in its frequency.  It was necessary, therefore, to 
take the average frequency for a number of discharges.  When aver- 
age  intervals  between  approximately  ten  discharges  were  measured 
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FIG. I. Plot of temperature versus total number of impulses per tenth second 
(solid line) and number of active units (broken line) in a commissure between two 
deafferented ganglia of a crayfish. 
for those fibers which could be followed at several temperatures, it was 
seen that some were affected more by temperature changes than were 
others.  Curves  for  two  fibers,  one  increased  considerably  in  its 
frequency by rise in temperature, and the other but little, are shown in 
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Curves were made by plotting the logarithms of gross frequencies 
(assumed to  be  proportional to  the processes determining the  fre- 
quencies) and the logarithms of number of active units (assumed to be 
a  measure  of  processes  determining  the  temperature  thresholds) 
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FIG. 2. Change  in frequency (number  per 0.1 second)  of two units with temper- 
ature.  These are from the experiment  plotted in Fig, 1. 
against the reciprocals of the absolute temperatures.  These plots test 
the applicability of the Arrhenius equation C. LADD  PROSSER  69 
where k~ and k, are frequencies at the absolute temperatures T~ and 
T,, R is the gas constant, and # is the temperature characteristic.  The 
difficulties of changing the fluid without moving the electrodes made it 
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FIO. 3. Plot of the gross frequency (average number per tenth second) of 
spontaneous discharges and temperature  according to the Arrhenius equation. 
Each symbol designates one experiment, the same experiment in Figs. 3, 4, and 5. 
#  =  27,000 calories. 
impossible to obtain values at enough temperatures to give significant 
plots  for  single  preparations.  Consequently,  the  individual  curves 
were telescoped together by superimposing them in such a  way that 
their ordinate intercepts coincided, as shown in  Figs.  3  and 4.  In 70  NERVE  I.MPULSE$  IN  CRAYFISH.  IV 
these plots, as in those of Fig.  5, each symbol designates one experi- 
ment.  The  curve  for  gross  frequency  shows  considerable  scatter 
about a  straight line and gives a  value of #  =  27,000 calories.  The 
curve for number of active units (i.e.,  the temperature threshold curve) 
is not so steep and gives a value of ~  =  17,500 calories. 
Plots of the logarithms of the frequencies of discharge of individual 
units against the reciprocals of the absolute temperatures were made. 
It was immediately seen that the curves fell into two groups with no 
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Fzo. 4.  The change in number of active units with temperature.  #  --- 17,500 
calories. 
appreciable  overlap.  When  all  the ordinates  of the  curves of these 
groups were telescoped together, the points give values of ]z  --  14,500 
and 7,000 calories respectively, as shown in Fig. 5. 
These experiments  afford an analysis of a  complicated function of 
the central nervous system into some of its components.  Each of the 
three processes--threshold of different units, and change of frequency 
in  what  are  clearly  two  functional  types of cells--gives  a  different 
temperature  characteristic.  It is of interest that the plot for the gross C.  LADD PROSSER  71 
frequency, so patently a composite function, should follow the Arrhe- 
nius equation as well as it does.  No claim is made that these values 
are  necessarily diagnostic  of single  fundamental  chemical processes; 
each may, like the gross frequency curve, represent  composite func- 
tions.  In other complex cases which have been studied,--for example, 
f.3 
c•i.0 
& 
oo 
0.3 
02 
a00330  0L00355  0.00540  0.00345  0.00330 
i/T* 
FIG. 5.  Influence of temperature on frequency per tenth second of impulses in 
single units.  /~ -- 14,500 and 7,000 calories. 
speed of progression in caterpillars  (Crozier and  Stier,  1925-26)  and 
frequencies of movements in a  group of barnacles  (Cole,  1928-29)-- 
at least one of the components in the complex process which might be 
superficially  measured  exhibits  a  break  in  the  temperature  curve; 
consequently, the temperature graph of the composite result is curvi- 
linear.  There is at the moment no way in which an analysis of varia- 72  ~RVr.  IMPULSES IN  CRAYFISH.  IV 
tion  (cf.  Crozier and Hoagland,  1929)  can be applied to the present 
data, but it is doubtful as to whether the figures on gross frequencies 
of impulses would be homogeneous  by this test. 
The only comparable measurements available concern the effect of 
temperature on the spontaneous discharge in the lateral-line organs 
in the catfish (Hoagland,  1933).  The effect of temperature here was 
less than for the gross frequency in the crayfish ganglia and a value of 
=  5050 was obtained. 
The fact that in the crayfish ganglia the change in number of active 
units with change in temperature should be of greater importance than 
the change in frequency of individual units is suggestive of the consid- 
erable increase in number of active units and the more limited increase 
in  frequency of individual units with increased  tension in  skeletal 
muscle (Adrian and Bronk, 1929, Smith, 1934).  This is also consistent 
with the original hypothesis (Prosser,  1934)  that these impulses are 
tonic in nature. 
SUMMARY 
Increase in temperature elicits an increase in the number of nerve 
impulses  arising  spontaneously from  deafferented  crayfish  ganglia. 
This  alteration  in  gross  frequency gives  an  apparent  temperature 
characteristic of 27,000 calories. 
Changes in the number of active fibers and in the frequency of dis- 
charge  of individual units  account for  the  alterations in  the  gross 
frequency.  The change in number of active units gives a #  value of 
17,500 calories. 
Individual fibers fall into two groups with respect to the effect of 
temperature on their frequency of discharge.  One of these groups 
exhibits a ~ value of 14,500 calories and the other yields a ~ value of 
7,000  calories. 
It is a pleasure to acknowledge the helpful advice given generously 
by Professor Hudson Hoagland. 
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